The bulk modulus of the gas-containing hydraulic oil is an important indicator reflecting its compressibility, directly affecting the stability, accuracy, rapidity, and reliability of the fluid transmission system. In the time-varying system with high speed and pressure, since the gas release rate differs from the gas dissolution rate, there exists a large difference between the static and dynamic values of the bulk modulus of hydraulic oil. Therefore, it is necessary to research the dynamic bulk modulus of the gas-containing hydraulic oil. Based on the improvement of Henry's law and gas-polytropic-process equation, a modified model of dynamic bulk modulus of the gas-containing hydraulic oil was proposed. Through the analysis of parameter influence, the influence of initial gas content and pressure on the dynamic bulk modulus of the gas-containing hydraulic oil during compression and expansion was discussed. Comparing the modified model and the Zhou model with the experimental results, the goodness of fit between the Zhou model and the experimental results during compression and expansion was 0.9936 and 0.9864, respectively. And the goodness of fit between the modified model and the experimental results during compression and expansion was 0.9937 and 0.9936, respectively. The prediction precision of the dynamic bulk modulus was improved while verifying the accuracy of the modified model. This research can provide a reference for optimizing the theoretical model of the dynamic bulk modulus of the gas-containing hydraulic oil.
I. INTRODUCTION
In a hydraulic system, the oil usually contains a small amount of air dissolved uniformly. When the partial pressure of the oil shows a drop, the air will be released from the lowpressure region, and the bulk modulus of the gas-containing hydraulic oil is to be reduced, which in turn affects the control performance of the fluid transmission system [1] - [3] . For steady conditions with low actuator speed or small load, the bulk modulus can be considered to be a constant. In spite of a certain deviation compared with the experimental data, the theoretical calculation results can reflect quasi-static characteristics of the fluid transmission system. When the fluid transmission system works at high speed or heavy load, the The associate editor coordinating the review of this manuscript and approving it for publication was Zheng Chen . assumption above of the bulk modulus is obviously unreasonable [4] , [5] . For centrifugal pumps and positive displacement pumps under high-speed and high-pressure working condition, the pressure changes severely in the extreme course of starting and stopping, and there is inevitably the release and dissolution of the gas mixed into the hydraulic oil, as well as the evaporation and condensation of the oil itself. Therefore, it is important to introduce dynamic bulk modulus to accurately characterize the compressibility of gas-containing hydraulic oil [6] . When the air-apart pressure is contained in the pressure-change interval of the fluid micelles, the gas mixed into the hydraulic oil may be released or dissolved. When the pressure-change interval of the fluid micelles includes the saturated-vapor pressure, the hydraulic oil itself may evaporate or condense. Since hydraulic components follow the trend of high power-weight ratio, it is particularly VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ important to explore the influence of gas content and pressure on the bulk modulus of hydraulic oil [7] - [9] . Scholars have conducted a lot of research on the bulk modulus of gas-containing fluids. According to whether the influence of the gas content of the liquid phase changing with pressure is considered, the theoretical model of the fluid bulk modulus can be divided into two categories, one is the steady-state model, and the model regards the gas content as a constant, which does not change with time and pressure or does not consider the time effect, thinking that gas content is only a function of pressure change [10] , [11] ; The other is the dynamic model, which considers that the gas content in the fluid constantly changes with pressure and time, and it takes a certain time for the gas-liquid-mixed fluid to reach equilibrium during the working process [12] , [13] .
For the steady-state model, the variation law of the gas content with the pressure can be described by Henry's law and related formulas. It is generally considered that the gas content is a single-value function of pressure [14] . Since the steady-state model does not consider the non-equilibrium state of the gas phase in the fluid-transport process and ignore the dynamic process of gas-phase release and dissolution, the dynamic variation of bulk modulus cannot be described very accurately.
For the dynamic model, due to the time effect considered on the variation of the gas content in the fluid with pressure, the release and dissolution of the gas in the model are not completed instantaneously, but dynamically change with pressure and time. In the existing dynamic models, based on the Rayleigh-Plesset equation in bubble dynamics, Singhal [15] described the release and dissolution of gas through the generation and collapse of microbubbles in the gas-containing fluid. On the basis of the full cavitation model, Junjie Zhou et al. proposed a release and dissolution equation of air by means of the lumped parameter method, and obtained a new fluid-bulk-modulus model, and the calculation results are close to the experimental data [16] . Taking the transition time of release and dissolution of air as the dividing line, Sakama et al. used a piecewise function to describe the dynamic variation of gas content with time and pressure [17] .
The steady-state model of bulk modulus satisfies the practical engineering requirements to some extent, but for the high-speed and high-pressure liquid transmission and gasliquid-mixed fluid transmission, the dynamic bulk modulus model can more accurately describe the real-time characteristics of these transmission system. And the accuracy of the dynamic model needs to be further improved. Many cavitation models have been applied in the numerical simulation of gas-liquid-mixed fluids, but the theoretical expressions have not been derived, and the nature of bulk modulus is unable to be revealed. Therefore, the dynamic model of the gascontaining hydraulic oil will be established, regarding the gas-containing oil as the research object, using the lumped parameter method, taking the unit volume of fluid as the control body, taking base of the full cavitation model, considering the release and dissolution of air and vapor. The dynamic model is aimed at analyzing the influence law of pressure, initial gas content and compression-expansion period on dynamic bulk modulus. Based on the experimental data of the dynamic bulk modulus of the gas-containing hydraulic oil, the calculation results of different models will be compared to verify the validity and accuracy of the proposed theoretical model. This research can provide a theoretical basis for the accurate calculation and practical application of the dynamic bulk modulus of gas-liquid-mixed fluids.
II. THEORETICAL MODEL A. DYNAMIC MASS FRACTION OF GAS PHASE 1) DYANMIC MASS FRACTION OF VAPOR
Singhal et al. proposed a transport equation for calculating the vapor mass fraction in the gas-liquid mixed fluid [15] :
where t is the time, U is the vapor transmission rate, ρ is the density of the gas-liquid mixed fluid (kg/m 3 ), f v is the vapor mass fraction and R is the net phase-change rate. Equation (1) can be simplified by assuming the properties such as density and pressure of the hydraulic oil evenly distributed throughout the control volume and ignoring the diffusion term based on the position derivative. Then:
When cavitation happens, the density of the gas-containing hydraulic oil normally does not change greatly and dρ dt df v dt , so (1) is further simplified as:
where R s is the net phase-change rate including the density. The dynamic variation of the gas phase in the gascontaining hydraulic oil can be analyzed in terms of bubble growth and collapse in the liquid phase and described by the Rayleigh-Plesset equation:
where R B is the bubble radius (m), v l is the viscosity of the liquid phase (m 2 /s), σ is the surface tension of the liquid phase (N/m), p B is the internal pressure of the bubble (bar), p is the pressure of the hydraulic oil (bar), ρ l is the density of the liquid phase (kg/m 3 ) and P is:
The expression of the net phase-change rate can be obtained by referring to the derivation of the full cavitation model [15] , taking base of referring to the derivation of the full cavitation model [15] , ignoring the liquid viscosity term, retaining the liquid surface tension term and combining the continuity equation of the gas-containing hydraulic oil. Then
where α v is the vapor volume fraction and ρ v is the density of the vapor. Substituting the net phase-change rate into (3) and ignoring the second derivative term of the bubble radius, we can get:
where α v can be described by f v as:
R B can be calculated by assuming all the bubbles' radius taken to be the same and R B is determined by the balance between air resistance and liquid surface tension. Then:
where W is the Weber number of the gas-containing hydraulic oil and v rel is the relative velocity which is fairly small and approximately 5% −10% of the average velocity of the hydraulic oil. Substituting (8) and (9) into (7), we can get:
Among them,
where p v is the saturated vapor pressure of the liquid phase (bar).
Referring to the analytical methods in [15] and [16] , the v 2 rel in (10) is divided into two parts, one part is replaced by √ k to denote the flow state of the hydraulic oil, and the other part, combined with W and σ in (10) is simplified to a 11 to describe vapor condensation rate. Therefore, when the pressure of the gas-containing hydraulic oil is higher than the saturated vapor pressure, the condensation equation of vapor is:
where the turbulence kinetic energy of gas-containing hydraulic oil can be calculated by the definition of turbulence kinetic energy:
where u is the average velocity of gas-containing hydraulic oil (m/s) and l is the turbulence intensity of gas-containing hydraulic oil. The vapor condensation is related to vapor mass fraction. The remaining liquid phase is regarded as the source of vapor when the pressure is lower than the saturated vapor pressure. Therefore, referring to (12) , we can obtain the vaporization equation of the liquid phase at this stage:
where a 12 is the vaporization coefficient and f g0 is the initial gas content in gas-containing hydraulic oil.
2) DYNAMIC MASS FRACTION OF AIR
In general, the air apart pressure below which air will release from the gas-containing hydraulic oil is much higher than the saturated vapor pressure. The cavitation mentioned in the project mostly refers to the substantial air release from the fluid in a short time. As a part of the gas phase of the gascontaining hydraulic oil, the Rayleigh-Plesset equation is also applicable to the release and dissolution of air. On the analogy of (12) and (14), the release and dissolution equation of air can be obtained based on the following assumptions.
1. The f gH denotes the theoretical value of the air mass fraction under the action of instantaneous pressure, i.e., the steady-state value of the air mass fraction when the pressure action lasts long enough. At the same time, it is considered that when the instantaneous pressure is lower than the saturated vapor pressure, the dissolved air will be completely released and when the instantaneous pressure is higher than the air apart pressure, the air will be all dissolved, and f gH is equal to zero. When the instantaneous pressure is between the saturated vapor pressure and the air apart pressure, f gH is a polynomial function of the oil pressure based on the improved Henry's law and can be expressed as:
where p v is the saturated vapor pressure (bar), p s is the air apart pressure (bar) and k g is:
2. The f g denotes the instantaneous value of the air mass fraction. When f g is less than f gH , air will be released from the hydraulic oil, otherwise the air is to be gradually dissolved.
When f g ≤ f gH , the air release equation is:
where a 21 is the air release coefficient and P is:
When f g > f gH , the air dissolution equation is:
where a 22 is the air dissolution coefficient.
B. DENSITY OF PHASES IN THE GAS-CONTAINING HYDRULIC OIL
When the pressure of the gas-containing hydraulic oil changes, the density of each phase changes. According to the gas-state equation, the density of air in the gas phase is:
where p 0 is the standard atmospheric pressure (bar), ρ g0 is the density of air under standard atmospheric pressure (kg/m 3 ) and λ is the polytropic exponent of the gas-polytropic process.
The density of vapor in the gas phase is:
where ρ v0 is the density of vapor under standard atmospheric pressure (kg/m3). It can be seen from (20) and (21) that the density of the gas phase in the gas-containing hydraulic oil is directly related to λ. Normally, the compression and expansion of the gas is regarded as an isothermal or adiabatic process, i.e., λ is a constant. However, in the actual situation, the compression and expansion of the gas is generally not an absolute isothermal or adiabatic process, so λ need to be changed with the environmental conditions. The volume change rate ε is the main factor affecting λ. It is assumed that λ is a function of ε, i.e., λ = f (ε). According to the theory of gas-polytropic process, the function must meet the following requirements.
1. When the volume change rate approaches zero, the gas-polytropic process becomes an isothermal process, i.e., lim ε→0 f (ε) = 1. 2. When the volume change rate tends to infinity, the gas-polytropic process becomes an adiabatic process, i.e., lim ε→∞ f (ε) = k. 3. When ε gradually increases from zero to infinity, λ is continuous and monotonically increases. And the first and the second derivative of λ both exist, which are continuous and maintain the sign.
Therefore, λ can be expressed as:
where λ adi is the polytropic exponent of the adiabatic process, λ iso is the polytropic exponent of the isothermal process and M is the coefficient of the gas-polytropic process. The density of the liquid phase can be expressed as:
where ρ l0 is the density of the liquid phase under standard atmospheric pressure (kg/m 3 ) and E l is the bulk modulus of the liquid phase when the instantaneous pressure is equal to p (bar). E l changes following the pressure and temperature of the environment and their relationship can be expressed as [19] :
where E ref is the bulk modulus of the liquid phase under standard atmospheric pressure (bar), m is the pressure-variation coefficient of the bulk modulus and n is the temperaturevariation coefficient of the bulk modulus. The relationship among the density of the gas-containing hydraulic oil ρ, the vapor mass fraction f v , the instantaneous value of the air mass fraction f g , the density of vapor ρ v , the density of air ρ g , and the density of the liquid phase ρ l can be expressed as:
The bulk modulus of the gas-containing hydraulic oil denotes the compression feature and can be expressed as:
where V is the volume of hydraulic oil (m 3 ). Usually, the gas-containing hydraulic oil consists of three parts: liquid phase, vapor, and air. Among them, the gas phase content including vapor and air is often low, so it is generally considered that the volume change in phases does not affect each other. Therefore, (26) can be expressed as:
where V l is the volume of the liquid phase (m 3 ), V g is the volume of air (m 3 ) and V v is the volume of the vapor (m 3 ).
According to the gas-polytropic-process equation, the volume of air and vapor are
where V g0 is the volume of air under standard atmospheric pressure (m 3 ) and V v0 is the volume of vapor under standard atmospheric pressure (m 3 ). The relationship between the volume and pressure of the liquid phase can be expressed as [20] :
where V l0 is the volume of the liquid phase air under standard atmospheric pressure (m 3 ). The theoretical model of the dynamic bulk modulus of the gas-containing hydraulic oil can be obtained by taking derivative of p in (28) to (30) and substituting the derivatives into (26). Then: Among them,
III. CALCULATION RESULTS AND ANALYSIS
The dynamic bulk modulus of the Shell Tellus S ISO32 standard gas-containing hydraulic oil is calculated by applying the theoretical model proposed above (hereinafter referred to as modified model). The relevant parameters of the gascontaining hydraulic oil are shown in Table 1 . The pressure variation of the gas-containing hydraulic oil is shown in Fig. 1 . It can be seen from Fig. 1 that the pressure of the gascontaining hydraulic oil increases first and then decreases, i.e., the gas-containing oil is compressed first and then expands. In this one-second process, the minimum pressure of the gas-containing hydraulic oil is 0.3 bar and the maximum is 32 bar. Based on the modified model, the dynamic bulk modulus of the gas-containing hydraulic oil is shown in Fig. 2 . It can be seen from Fig. 2 that during compression, the dynamic bulk modulus of the gas-containing hydraulic oil gradually increases with the increase of the pressure, and gradually decreases to the initial value with the decrease of the pressure during expansion. At the initial moment of compression, although the pressure of the gas-containing hydraulic oil is lower than the air apart pressure, the dynamic gas content at this time is higher than the theoretical-target value. The free gas is gradually dissolved and the density of the air and the gas-containing hydraulic oil is continuously increased with the increase of the pressure. Therefore, the dynamic bulk modulus of the gas-containing hydraulic oil increases when the pressure increases from 0.3 bar to 1.013 bar. When the pressure is higher than the air apart pressure, as the pressure increases, the air in the gas-containing hydraulic oil continues to dissolve, and the dynamic bulk modulus increases accordingly. During expansion, when the pressure is higher than the air apart pressure, although the pressure of the gas-containing hydraulic oil gradually decreases, the air continues to dissolve because the pressure is still higher than the air apart pressure and the dynamic gas content is also higher than the theoretical-target value. In this process, the bulk modulus of the gas-containing hydraulic oil has an upward tendency for the decrease of the gas content. Since the pressure of the gas-containing hydraulic oil keeps decreasing, however, the density of the air and gascontaining hydraulic oil decreases as a result, making the hydraulic oil has a downward trend. Owing to the dominant role the latter plays, the bulk modulus of the gas-containing hydraulic oil decreases as the pressure decreases. When the pressure is below the air apart pressure and the dynamic gas content of the gas-containing hydraulic oil is lower than the theoretical target value, the air begins to be released from the hydraulic oil. Since the air release rate is much larger than the dissolution rate, a large amount of air dissolved in the hydraulic oil is released in a short time. As a result, the bulk modulus of the gas-containing hydraulic oil continues to decrease and eventually returns to the initial value. The dynamic bulk modulus of the gas-containing hydraulic oil shows a significant ''hysteresis'' during the compressionexpansion period, i.e., under the same transient pressure, the dynamic bulk modulus of the gas-containing hydraulic oil during compression and expansion is not equal. The dynamic bulk modulus during expansion is higher. This is because the proportion of free gas in the hydraulic oil during compression is higher than that during expansion.
IV. ANALYSIS OF PARAMETER INFLUENCE
The dynamic bulk modulus of the gas-containing hydraulic oil is mainly related to the gas content, the temperature, the pressure, and the oil type. By changing the initial gas content and the period of pressure variation, the influence law of these two factors on the dynamic bulk modulus is determined.
A. ANALYSIS OF INFLUENCE LAW OF DIFFERENT INITIAL GAS CONTENT
Under the pressure shown in Fig. 1 , based on the parameters shown in Table 1 , the variation law of the dynamic bulk modulus with the initial gas content is shown in Fig. 3 .
It can be seen from Fig. 3 that under the same pressure, the higher the initial gas content, the smaller the dynamic bulk modulus of the gas-containing hydraulic oil. It is because the rate of release and dissolution of air is mainly determined by the pressure it receives. When the pressure is constant, the rate of release and dissolution of air is also determined. Therefore, under the same pressure, the higher the initial gas content and the larger the amount of the free air in the gas-containing oil, the smaller the bulk modulus.
B. ANALYSIS OF INFLUENCE LAW OF DIFFERENT PERIODS OF PRESSURE VARIATION
The period of the compression-expansion process is changed by referring to the pressure variation curve of the gascontaining hydraulic oil shown in Fig. 1 , and the pressure variation curve of the gas-containing hydraulic oil with different periods is obtained as shown in Fig. 4 .
According to parameters shown in Table 1 , when the period of pressure variation of the gas-containing hydraulic oil changes, the average flow velocity will also change, leading to the change of the coefficient of air release and dissolution. When the period of pressure variation is 1 s, 5 s and 20 s, respectively, the corresponding coefficients of air release and dissolution are shown in Table 2 . The variation curve of the dynamic bulk modulus of the gas-containing hydraulic oil with different periods under the same initial gas content is shown in Fig. 5 .
It can be seen from Fig. 5 that under the same initial gas content, the longer the pressure period, the larger the dynamic bulk modulus of the gas-containing hydraulic oil. It is because when the initial gas content is the same, the longer the pressure period, the longer the time of the gas-containing hydraulic oil above the air apart pressure and the more the air dissolves. Therefore, the dynamic bulk modulus of the gascontaining hydraulic oil is larger. When the pressure period is 20 s, the dynamic bulk modulus of the gas-containing hydraulic oil in compression reaches 11522 bar at the pressure of 29.64 bar, and remains basically unchanged after that. When the gas-containing hydraulic oil is in expansion, the dynamic bulk modulus also remains basically unchanged at 11522 bar during the process of the pressure reducing from 32 bar to 1.013 bar (air apart pressure). And then the dynamic bulk modulus decreases rapidly to the initial value when the pressure is below 1.013 bar. It is because when the pressure period is 20 s, the time of the gas-containing hydraulic oil above the air apart pressure is long. During the compression, when the pressure reaches 29.64 bar, the air is completely dissolved and since the bulk modulus of the liquid phase also increases slightly as the pressure increases, the dynamic bulk modulus of the gas-containing hydraulic oil does not increase much when the pressure continues to increase, but slightly elevates from 11522 bar. Meanwhile, since the air is completely dissolved in the compression, as long as the pressure of the gas-containing hydraulic oil is higher than the air apart pressure, the air is not released in the expansion. Therefore, the gas-containing hydraulic oil is in the liquid-phase state, and the bulk modulus of the liquid phase decreases with the decrease of the pressure. As a result, Therefore, when the pressure reduces from 32 bar to 1.013 bar, the dynamic bulk modulus of the gas-containing hydraulic oil decreases slightly and remains basically unchanged at 11522 bar. When the pressure drops below the air apart pressure, the air is rapidly released and the dynamic bulk modulus of the gas-containing hydraulic oil plummets.
V. MODEL VALIDATION A. COMPARISON BETWEEN MODIFIED MODEL AND STEADY-STATE MODELS
Based on the parameters and pressure variation curves shown in Table 1 and Fig. 1 , the dynamic bulk modulus of the gascontaining hydraulic oil is also calculated by applying the steady-state models respectively including the Wylie model [10] , the Nykanen model [11] , and the Ruan model [14] . The results of the modified model and the steady-state models are respectively shown in Fig. 6 .
It can be seen from Fig. 6 that the calculation results of the Wylie model, the Nykanen model and the Ruan model are all a single curve, i.e., the bulk modulus coincides during compression and expansion in these models respectively. Among them, the results of the Wylie model and the Nykanen model are very close with the two curves almost coincident, and the bulk modulus of the gas-containing hydraulic oil increases with the increase of pressure. As to the Ruan model, the bulk modulus rapidly increases to 13200 bar when the pressure rises from 0.3 bar to 1.013 bar, and remains constant when the pressure is higher than the air apart pressure. The bulk modulus calculated by the above three steady-state models cannot accurately predict the dynamic characteristics of the gas-containing hydraulic oil during rapid change of pressure, nor can it reflect the ''hysteresis'' of the bulk modulus of the gas-containing oil during compression and expansion. In contrast, the modified model that considers the dynamic process of air release and dissolution can predict the dynamic bulk modulus of the gas-containing hydraulic oil. 
B. EXPERIMENT VALIDATION
Combined with the parameters of the Shell Tellus S ISO32 standard hydraulic oil and the experimental results of the dynamic bulk modulus of the oil in [16] , the modified model was compared with the Zhou model proposed in [16] . The goodness of fit was used as the evaluation index to verify the effectiveness and accuracy of the modified model. The goodness of fit refers to the degree of fit of the regression curve to the observed value. The closer the value is to 1, the higher the degree of fit of the regression curve to the observed value, otherwise the lower the degree of fit. The formula for calculating the goodness of fit is:
where y i is the theoretical calculation result of the dynamic bulk modulus at the i-th point,ŷ i is the experimental result of the dynamic bulk modulus at the i-th point, andȳ is the average value of the theoretical calculation results of the dynamic bulk modulus. The experimental platform for measuring the dynamic bulk modulus of the gas-containing hydraulic oil is shown in Fig. 7 . The comparison of the modified model, the Zhou model, and the experimental results is shown in Fig. 8 .
It can be seen from Fig. 8 that in the compression, the goodness of fit between the modified model and the experimental results is 0.9937, while the Zhou model is 0.9936. The calculation result of the modified model is consistent with the Zhou model and the error with the experimental results of dynamic bulk modulus is small. During the expansion, the calculation result of the Zhou model is basically consistent with the experimental results, but is smaller than the experimental ones and the goodness of fit is 0.9864. While for the modified model, it is not only consistent in the trend with the experimental results, but also is closer in value and the goodness of fit is 0.9919. Therefore, the modified model has a better goodness of fit, which can more accurately predict the dynamic bulk modulus of the gas-containing hydraulic oil and reflect the ''hysteresis'' characteristic during compression and expansion. Compared with the Zhou model, the modified model has the following improvements:
1. The modified model is based on the Henry's law which is in the form of a quintic polynomial, so that it is in better agreement with the actual situation that the gas content changes with pressure.
2. The modified model has considered the effect of the liquid-phase surface tension in the cavitation of the gascontaining hydraulic oil instead of ignoring this term.
3. In the calculation of the density of the gas phase of the gas-containing hydraulic oil, the modified model regards the compression and expansion of the air in the hydraulic oil as a process between the adiabatic one and the isothermal one, and the polytropic exponent λ is regarded as a function with the rate of gas-volume variation as an independent variable instead of a constant.
Therefore, the modified model is closer to the actual situation, and its calculation results are more accurate.
VI. CONCLUSION
The theoretical model of dynamic bulk modulus of the gascontaining hydraulic oil (the modified model) was established according to the transient gas content and the transient density of each phase. The dynamic bulk modulus of the Shell Tellus S ISO32 standard gas-containing hydraulic oil calculated by applying this model show that, the dynamic bulk modulus of the gas-containing hydraulic oil gradually increases with the increase of pressure during the compression and decreases with the decrease of pressure in the expansion. Under the same transient pressure, the dynamic bulk modulus in the expansion is higher than that in the compression.
The influence law of initial gas content and pressure variation period on dynamic bulk modulus was analyzed. Under the same pressure, the higher the initial gas content, the smaller the dynamic bulk modulus. When the initial gas content and the transient pressure are both the same, the longer the pressure variation period, the larger the dynamic bulk modulus. When the pressure is higher than the air apart pressure and the pressure variation period is long enough to make the air completely dissolved during the compression, the dynamic bulk modulus rarely changes after the fully-dissolved pressure point during the compression and expansion.
Compared with the three steady-state models, which are the Wylie model, the Nykanen model and the Ruan model, the modified model can predict the ''hysteresis'' phenomenon of the gas-containing hydraulic oil in the compression and expansion, and can better reflect the transient characteristics of the bulk modulus. By comparing with the Zhou model, the calculated results of the modified model are closer to the experimental ones and the goodness of fit is higher, which verifies the accuracy and effectiveness of the proposed modified model in predicting the dynamic bulk modulus of the gas-containing hydraulic oil.
